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Abstract

We point out that W’ bosons may decay predominantly into Higgs particles associated
with their broken gauge symmetry. We demonstrate this in a renormalizable model where
the W’ and W couplings to fermions differ only by an overall normalization. This “meta-
sequential” W' boson decays into a scalar pair, with the charged one subsequently decaying
into a W boson and a neutral scalar. These scalars are odd under a parity of the Higgs
sector, which consists of a complex bidoublet and a doublet. The W’ and Z’ bosons have
the same mass and branching fractions into scalars, and may show up at the LHC in final

states involving one or two electroweak bosons and missing transverse energy.

I. INTRODUCTION

New heavy particles of charge +1 and spin 1, referred to as W’ bosons, are predicted
in many interesting theories for physics beyond the Standard Model (SM) [1I, 2]. Extensive
searches for W’ bosons at colliders have set limits on the production cross section times
branching fraction in several final states [I]. The most stringent limit on a W’ boson that
has the same couplings to quarks and leptons as the SM W boson (“sequential” W’) has
been set using the {r channels, where ¢ = e or u; the current mass limit is 3.8 TeV, set by

the CMS Collaboration [3] using the full data set from the 8 TeV LHC.

1



In this paper we show that the W’ boson is likely to decay not only into SM fermions,
as often assumed, but also into pairs of scalar particles from the extended Higgs sector
responsible for the W’ mass. As a result the existing limits may be relaxed, and different
types of searches at the LHC may prove to be more sensitive.

Theories that include a W’ boson embed the electroweak gauge group within an SU(2); x
SU(2)yxU(1), SU(3)w xU(1), or larger gauge symmetry that is spontaneously broken down
to the electromagnetic gauge group, U(1)eyn. This symmetry breaking pattern is induced
usually by some scalar fields with vacuum expectation values (VEVs). The coupling of the
W' to these scalars is related to the gauge couplings, and cannot be too small. In perturbative
renormalizable models, the scalars have masses near or below the symmetry breaking scale,
because the quartic couplings grow with the energy. The W’ boson, by contrast, may be
significantly heavier, because large gauge couplings are allowed by the asymptotic freedom
of non-Abelian gauge theories. Consequently, it is natural to expect W' decays into pairs of
particles from the extended Higgs sector.

We demonstrate the importance of W' decays into scalars by analyzing in detail a simple
renormalizable W’ model: SU(2); x SU(2)s x U(1)y gauge symmetry broken by the VEVs
of two complex scalars: a bidoublet (i.e., a doublet under each non-Abelian group) of hy-
percharge Y = 0 and a doublet under one of the SU(2)’s. This model has been studied in
different contexts [4], 5], assuming that the Higgs particles are heavy enough to avoid W’
decays into them. An interesting feature of it is that, up to an overall normalization, the
W' boson has identical couplings to quarks and leptons as the SM W boson. We refer to it
as the “meta-sequential” W’.

The most general scalar potential has many terms, but it is significantly simplified by
imposing a Zy symmetry (the bidoublet transforms into its charge conjugate). The lightest
Higgs particle that is odd under this parity is stable, and could be a viable dark matter
candidate. Whether or not the Z, is exact, it leads to cascade decays of the W’ that give
signatures with one or two electroweak bosons and two of these lightest odd particles (LOPs).

In Section [lI] we study the masses and couplings of the Higgs particles, and of the heavy
gauge bosons. Then, in Section [T, we compute the branching fractions of the W’ and Z’

bosons, and comment on various signatures arising from their cascade decays. In Section



V] we discuss the LHC phenomenology assuming that the LOPs escape the detector. We

summarize our results in Section [V]

II. AN SU(2) x SU(2) x U(1)y MODEL WITH ODD HIGGS SECTOR

Let us focus on a simple Higgs sector that breaks the SU(2); x SU(2), x U(1)y gauge
group down to U(1)en: a bidoublet complex scalar, A, which has 0 hypercharge, and an
SU(2); doublet, . We take the SM quarks and leptons to be SU(2), singlets. The scalar

and fermion gauge charges are shown in Table [I|

A. Scalar spectrum

We require the Lagrangian to be symmetric under the interchange A <> A, where A is
the charge conjugate of A. The most general renormalizable scalar potential exhibiting this

Zs symmetry and CP invariance is [4]

A A
V= mi ofe + T (910)" + (mh + Ao 91@) Tr (ATA) + T [1r (ATA)]7
A NEE DY <02
3 Tr (ATA)‘ — Z(Tr (ATA))" + Hee.| . (2.1)
SU3). | SU@)1 | SU@)2 | Uy
A 1 2 2 0
) 1 2 1 +=
11
QL7 LL 35 1 2 1 +6 ) _5
2 1
UR , dr 3 1 1 —|—§ R —g
er 1 1 1 +1

TABLE I. Gauge assignments for the scalars (A and ®) and SM fermions.



To avoid runaway directions, we impose Ag, Aa > 0. The A and )\ quartic couplings
must be real so that the potential is Hermitian. The N quartic coupling may be complex,
but its phase can be rotated away by a redefinition of A; we then take X to be real without
loss of generality.

Canonical normalization of the A and X terms would require an extra factor of 1 /2;
we do not include it in order to simplify some equations below. Other terms in V', such
as Tr[(ATA)?], Tr (ATAATA), or Tr(ATAATA), would be redundant as they are linear
combinations of the Ax, A and X terms. We recover the potential of Ref. [4] using the
identity ®T(ATA + ATA)® = oT0 Tr (ATA).

We also impose m% < 0 so that A acquires a VEV. In addition, we need m3 < 0 or
Ao < 0 such that ® also acquires a VEV. We are interested in the vacuum that preserves
the U(1)em and Zso symmetries:

(A) = 2 diag (1,1) <<1>>:% (2) . (2.2)

This vacuum is indeed a minimum of the potential for a range of parameters (discussed
below). The VEVs vy > 0 and va > 0 are related to m3, mA, and the five quartic couplings

by the extremization conditions:

AU+ )\ov; = —2m3 ,
AV + )\@U; = —2m3 (2.3)
where we defined
A=A — A= N (2.4)

In terms of fields of definite electric charge, the scalars can be written as

6} ¢+
= 1 ) )
E(%W?Hcﬁ?)
o it S
A= "N =@y ) AU (2.5)
X n E(XTHX@-)



The charge conjugate state of the bidoublet is then

A:O'Q A* 09 = (26)
All odd fields under Z, (which cannot mix with even fields, and thus are already in the
mass eigenstate basis) are collected in
. HY +4A4° 2HT
A—-A= (2.7)
V2H- —H°+iA°
where the physical states consist of a CP-even scalar (H"), a CP-odd scalar (A%), and a
charged scalar (H*). These are related to the n and y fields by

1
AO:E(H?JFX?) :
1
HOZE(U?—XE) :
1
H* = —n"+x5) . (2.8)

V2

At tree-level, the Zsy-odd scalars have masses given by

MA: \/QS\'UA s
My+ = Mo = VI+ N va . (2.9)

The are two remaining scalars not eaten by the gauge bosons. These are Zs-even, CP-
even, and neutral; their mass-squared matrix in the (x% +72)/v/2 , ¢° basis is
A VR Ao Vg UA

Mgven = * (2.1())
Ao Vg A Ao UF

The Zs-even physical scalars,

1
R’ = ¢? cosay, — —= (XS +772) sinay,

V2

1
H'® =¢) sinay, + —= (X) + 1)) cosay, (2.11)

V2



have the following squared masses:

1
ME’H, =3 (/\,m?A + /\cpvg5 F \/()\*UQA — )\qwé)Q +4X3 vévi ) . (2.12)

The mixing angle «y, satisfies

2)\0@AU¢

tan 2ay, = (2.13)

AV — )\qw; ’

The necessary and sufficient conditions for the vacuum (2.2) to be a minimum of the

potential are
N > Max{—\,0} ,
Mg > A2
Ap|mAl > =Aomg

No|mA| > —Am3 ; (2.14)

these follow from imposing that all physical scalars have positive squared masses [see
Eqgs. and (2.12)], and that the extremization conditions have solutions.

All above results are valid for any v,/va. The agreement between SM predictions and
the data suggests that the Higgs sector is near the decoupling limit vi < v%; adopting this
limit, we can analyze the spontaneous symmetry breaking in two stages. The first one is
SU(2); x SU((2)a x U(l)y — SU(2)w x U(1)y at the scale va. The effective theory below
va consists of the SM (with the Higgs doublet ®) plus an SU(2)y-triplet of heavy gauge
bosons (W%, Z"), and five of the scalar degrees of freedom from A: four Zy-odd scalars
combined into an SU(2)y-triplet (H*, H®) and a singlet (A%), and a Zy-even singlet (H'°).

The second stage of symmetry breaking is the SM one: SU(2)w x U(1)y — U(1)em at the
weak scale v, & 246 GeV. The lightest CP-even scalar, h", represents the recently discovered
Higgs boson, because its couplings are the same as the SM ones up to small corrections of

order v} /v}. Its mass is given by

MNP RE
Mh:U (Aq)——) [1——+O v /U y (215)
i A 22203 (vi/va)
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and should be identified with the measured Higgs mass, near 126 GeV. The H'? even scalar

has the same couplings as the SM Higgs except for an overall suppression by

. )\0 (%
sin oy, = /\*vz +O(v3/v}) (2.16)
and is significantly heavier:
M =/ Ava 4+ O(v3/va) (2.17)

Consequently, its dominant decay modes are W*TW ™ and ZZ.

The odd scalars, H*, H°, A° couple exclusively to gauge bosons and scalars, and only
in pairs. The lightest of them is stable, and a component of dark matter. A° is naturally
the lightest odd particle (LOP). because in the X' — 0 limit the symmetry is enhanced: A°
becomes the Nambu-Goldstone boson of a global U(1) symmetry acting on A. We note,
however, that H° could also be the LOP (for N o> 5\) and a viable dark matter candidate.
Even though it is part of an SU(2)y triplet that is degenerate at tree-level, electroweak
loops split the H* and H° masses [6] [7].

In what follows we will assume that A° is the LOP. The heavier odd scalars then decay
as follows: H* — W*A° H° — ZA° Even when these two-body decays are kinematically
forbidden, the three-body decays through an off-shell W# or Z are the dominant ones. Other
channels are highly suppressed, either kinematically (H* — 777°H° and H* — (tvH°) or
by loops (H® — vA® and the CP-violating H® — h%A?).

B. Meta-sequential 1’ boson

The kinetic terms for the & and A scalars,
(D,®)'D,® +Tr [(D,A)D,A] (2.18)
involve the covariant derivative
D, =8, —igyY B, —igiTy - Wi, — igsTy - Woy, | (2.19)

with T} 5 = 01,2/2; notice that T’Q acts from the right on the bidoublet: fg A =—-A-7/2.

After symmetry breaking, the electrically-charged gauge bosons acquire mass terms:

2

2
v _ v _ _
f g W W+ IA (Wil — 2W5) (W — gy ") (2.20)



Diagonalizing them gives the physical charged spin-1 states,

W, = Wi, cost + Wy, sin |
W/i = —W,sin@ + Wa, cosb (2.21)

with the following mixing angle, 0 < 6 < 7/2:

29192 U2A
tan 260 = (2.22)
(95 — gi) V& — giv;
The masses of the W and W’ bosons are
1 29192 12
M v — 2 2 2 2,2 . 2.23

Given that the left-handed quarks and leptons transform as doublets only under SU(2)y,
their couplings to the W and W’ bosons are proportional to the respective coefficients of
Wi, in Egs. . The measured W coupling to fermions gives a value for the SU(2)w
gauge coupling of ¢ = v4ra/sy ~ 0.652, where the electromagnetic coupling constant
and the weak mixing angle are evaluated at the My scale: a = a(Mz) =~ 1/127.9 and
sw = sinfy ~ v/0.231. In terms of the parameters of this model, the SU(2)w gauge
coupling can be expressed as

gicosf =g . (2.24)

The W' coupling to quarks and leptons, derived from Eq. (2.21)) and Table I, is then
— g18inf = —gtanf . (2.25)

Thus, tan f determines completely the tree-level couplings of W’ to SM fermions. Imposing
a perturbativity condition on the SU(2); x SU(2), gauge couplings, g7 ,/(47) < 1, and using

Eq. (2.24) we find that
02 Stanf S5 . (2.26)

In the particular case of tan @ = 1, the couplings of W’ to fermions are identical (at tree
level) to those of the W. This is usually referred to as the sequential W’ boson, and is a
common benchmark model for W’ searches at colliders. The most recent limit on the mass

of a sequential W’ at CMS, using 20 fb~! of 8 TeV data, is 3.8 TeV [3], assuming that W’ can
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decay only into SM fermions. Note that the relative sign in Egs. and implies
constructive interference between the W and W' amplitudes that contribute to processes
constrained by W' searches at the LHC. In the next sections we will focus on the region
0.2 < tan# < 1, where the LHC limits are relaxed. Given that the W’ boson in this model
has couplings to fermions proportional to the SM W ones (by an overall factor of — tan6),
we refer to it as a “meta-sequential W/ boson”.

The above results are valid for any vgs/va. It is instructive to expand these results in

powers of (vy/va)? < 1. The W’ coupling to fermions, relative to the W one is

02
tan f = tan 6 (1 — —;z) 00820()) +O(vy/va) (2.27)
UA
where we defined
tanfy = 2 (2.28)
g2

For v(i < v4, the values of tan 6, span essentially the same range as tan. The W and W’

masses, given in Eq. (2.23)), have simple expressions to leading order in vy/va:

02
My = 92 vgsindy |1 — % sinfy + O (vy/va)| (2.29)
2 203
92 A Vg 4 V5 2 8 6/, 6
MW/ = 2 cos 00 |:1 + ﬂ Sin 9() + @ (4 cot 90 — 1) S1n 90 + O(U¢/UA) . (230)

The low-energy charged current interactions are mediated in this model by both W and

W' exchange. Consequently, the Fermi constant is related to our parameters by

(g1cos0)®  (gysinf)?

2GE =

M2, M2,
2
= [ % Gt O 0 2.31
= + 5 Sin o + (U¢/'UA> ) ( : )
W UA

where we used Eq. (2.24)), which defines g as the tree-level W coupling to leptons and
quarks. This shows that the measurements of the weak coupling in low-energy processes
and in collider processes involving W bosons should agree up to tiny corrections of order

(vg/va)? sin?y. Defining the weak scale v ~ 246 GeV through G = 242072 and using
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Eq. (2.29), we obtain the relation between the ® VEV and the weak scale
02
V=10, |1— —g) sinfy + O(v,/va)| - (2.32)
VA

C. Z' mass and couplings

Electrically-neutral gauge bosons also acquire mass terms in the vacuum ([2.2)):

2
(.gl W13y - gpr,)z + % (92W23p - glVI/lg,u)2 . (233>

o |*S\@w

It is convenient to diagonalize these in two steps. First, we define some intermediate fields

denoted with hats:
ZAL = Wj, costly — W}, sinfy
ZA# = (Wg’u sin 6y + Wf’u cos fp) cos Oy — B, sin Ow | (2.34)

where the angle Oy is defined in terms of coupling ratios:

gy
go sin b

tan éw =

(2.35)

The gauge boson orthogonal to ZAu and ZL is the photon (A, = Wf’ﬂ cos 6y sin 9AW+BH cos éw),
already in the physical eigenstate. The measured electromagnetic coupling, e = Vidra =~
0.313, is related to the original gauge couplings through

gy COS Oy =e . (2.36)

The mass-squared matrix for ZM and ZA/’L takes the form

vg vg tan 6,
2 cos20y cos Oy
M = %2 sin26, ) 2 . (2.37)
V5 tan 4v
— e ° 2A —1—1); tan26,
cOoS 9W sin“26

In the second step, we rotate Z . and Z ., by an angle ez, given by
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vi sin 26, sin®6, cos Oy

tan2ey; = - - (2.38)
v3 cos2Oy + v} sin*@, (cos?@w — cot200>
in order to obtain the mass eigenstate Z and Z’ bosons:
Z,= Zu cosey + ZL siney |
Z, = —ZAusinez—i—Zlgcosez : (2.39)
The masses of the heavy neutral spin-1 particles are
2 1/2
Jo VR 9 . 9 1 9 2tan 6,
My 7z = —= [—4—1} sin 90( — +tan“fy F —— . 2.40
2v/2 | cos?by ¢ cos20y, sin 2z cos Oy ( )

The tree-level results ([2.33))-(2.40)) have been obtained without approximations. Expand-

ing now in v3/v}, we find

in 6 V2
M, = 920e st {1 — =2 sin'f, + O(vg/vi)] , (2.41)
2 cos Oy 203}
My = 2208 1y B gy Yo (0000 0 sa 038 s 2.42
DY + ﬂ st + 8vA \ cos20yy N sm-Go + (%/UA) : (2.42)

The original five parameters from the gauge sector (g1, g2, gy, Vs, va) can be traded for three
observables (e.g., e, sy, My/) and two parameters that can be measured once the W' or 2’

boson is discovered (My-,tan @), using Eqs. (2.27)), (2.29), (2.30), (2.36)) and

2

R v
sy =sinfy |1 — —;5 sin?6 cos®y + O(vg/vi) . (2.43)
VA

Eqgs. and , combined with the above equation, show that the tree-level relation
Mzew = My, where cyy = cosfy, is satisfied only up to corrections of order vi/ vi.
Furthermore, the Z couplings to fermions are modified at order vi/vi compared to the
SM. Thus, the current agreement between electroweak measurements and the SM imposes
an upper limit on vi /va, or equivalently, a lower limit on the W’ mass for a fixed tan6.
The lower limit at the 95% CL given by the global fit performed in Ref. [5] increases from
My Z 600 GeV for tanf = 0.2, to My = 2 TeV for tanf = 1 (i.e., sequential ).
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The relative mass splitting between W' and Z’ is very small:

My 52W 2 My ! 6 6
—1=—"2-tan"f | —— + @) M”z M, 2.44
MW'/ 202”7 IMW'/ ( / ) ’ ( )

which is less than 6 x 107¢ for My~ > 1 TeV and tanf < 1. This implies that the W’
mass and tan # will be constrained by both Z’ and W’ searches. The Z’ interacts with the
left-handed fermion doublets, with a coupling given by gtanf T plus corrections of order
vi /v that are different for quarks and leptons.. The Z’ couplings to SU(2)y singlets are
suppressed by v3/v3.

III. W’ AND Z’' DECAYS

The new gauge bosons interact with SM fermions and gauge bosons, as well as with the
Higgs particles. Usually, resonance searches for new gauge bosons rely on sizable branching
fractions of the W’ and Z’ decays into SM fermions. However, if the scalars are lighter than
the vector bosons than the decays into SM fermions may be suppressed. In our model, the
left-handed fermion doublets transform under SU(2);, while all fermions are singlets under
SU(2)3. Thus, the W’ and Z’ couplings to fermions are induced through mixing with the
W and Z, so that for small tan # decays to heavy scalars become important.

Neglecting corrections of O(v3/v3), the W’ and Z’ coupling to fermion doublets is given

by gtanf. The partial widths for decays to leptons (without summing over flavors)

T(W' — tv) ~ 20(Z' — (707) ~ é tan20 My | (3.1)
are suppressed for 0.2 < tanf < 1. By contrast, the W’ and Z’ couplings to pairs of odd
Higgs particles are enhanced by 1/ tan 0:

- g
Gw'HEA0 = Jz/H0A0 = sin20
W' HEHO = 97/ H+H- = g (3.2)
tan 20

where we ignored corrections of order 1)35 /vA. These couplings lead to the following partial
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FIG. 1. W’ and Z’ branching fractions as a function of mixing angle, for My, = 3 TeV, M+ = 300

GeV, M4 = 200 GeV.

widths:
My M2+ M2 (ME.—M2)*\*?
T(W'— H*A") ~T(Z'— H°A%) ~ — =W (1—2 iz % 2oy M ; A°)) :
1253, sin“26 My, My,
My M2 N2
(W' — HEH®) ~T(Z' — HYH ) o —an W (4 . 3.3
( ) ( ) 1253, tan?26 M2, (3:3)

The W’ can also decay into W Z and W h° final states, but these partial widths are suppressed
by v3/vA.

Figure [1] shows the branching fractions of the W’ and Z’ as a function of tané for the
dominant channels. As a benchmark point, we have used My = 3 TeV, My+ = 300 GeV
and M4 = 200 GeV (as shown in Section II, My, = My and My+ = Mpyo to a good
accuracy). For tanf < 0.4, the W’ decays dominantly to pairs of odd Higgs particles. It is
important to investigate collider signatures of these decays.

The heavier odd scalars decay into the LOP (taken to be A°) and an electroweak bo-
son, so that W’ and Z’' can each undergo two cascade decays: W'— HTAY — WACA®,
W'— HTH® — WTA"ZA® (see Figure 2), and Z'— H°A° — Z A°A° Z'— H H~ —
WA W= A°.

If the Zy symmetry discussed in Section [II| is exact, then A° is a component of dark
matter. We will not explore here the constraints on the parameter space from the upper

limit on relic density, nor from direct detection experiments (nuclear scattering would occur
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FIG. 2. W' production and cascade decays through odd Higgs particles.

through Higgs exchange and gauge boson loops); these constraints can be in any case relaxed
by allowing a tiny Zs violation in the scalar potential. While an in-depth exploration of this
model as an explanation for dark matter is left for future work, we note that it shares many
features with inert doublet [8] and minimal dark matter scenarios [7].

The possibility that the Z, symmetry is violated by terms in the scalar potential of the

type

Tr (ATA) |, ®TATA® | Tr (ATAATA) | Tr (ATA) Tr (ATA) (3.4)
is also worth considering. The weak-triplet scalar (H*, H°) as well as the singlet A° would
mix with the ® doublet, allowing direct two-body decays of A°, H° and H* to SM particles.
Furthermore, the three CP-even neutral scalars (H°, h, H') would then mix, so that W’ and
Z' decays involving the SM-like Higgs boson are possible. These include W’ — HTh°? with
H* — tb (this channel is analyzed in [9]), as well as W’ — H*h? — W+ A°h% and Z’ — h0A°
with A% — bb (or tf if kinematically allowed). There are, however, various constraints on
deviations from the SM Higgs couplings, implying that the Z, violating mixing is small, so
that we expect that the above final states have relatively small branching fractions.

It is also interesting to consider the intermediate case, where the violation of Z, is very
small, i.e., the coefficients of the operators are much less than one. In that case all
W' and Z' cascade decays through the odd Higgs particles proceed as before, but the A°
would decay to a pair of heaviest fermions of mass below M4 /2. This leads to a variety of
noteworthy final states: W/'— WZ + 4b, Z'— Z + 4b, or W' — W Ztttt, Z'— Ztttt, etc.
For a range of parameters, the decays of Ay may be displaced but still within the detector,
leading to potentially confusing events. In what follows we will consider only the case where

AV is stable enough to escape the detector.
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IV. LHC SIGNATURES WITH STABLE A°

At the LHC, the W’ boson would be mainly produced in the s channel from quark-
antiquark initial state, even for small tan 6. In the narrow width approximation, the leading-

order cross section for W’ production followed by decay into H*A® or H*H" is

2
U@p—>wﬂ—>H+Aqfﬁfﬂ)%E%?;EMUW%J&ALV)BUV“ﬁ}TU@rH+H% (4.1)
Sty S
where 1y
Xz = Z _ z
w(z,u)z/x ;[U(x,u)d(;,u)+U(I7u)d(;,u)] : (4.2)

The functions u(z, 1) and d(z, ) are the proton parton distribution functions for up- and
down- quarks of the at factorization scale p. Although QCD corrections to W’ production
are usually significant [10], in our case they are somewhat reduced due to the smaller «; at
the large values of My, that are relevant here.

Figure [3| shows the total cross section for the pp — W' — H+ A% and pp — W' — H+H°
processes at 1/s = 8 and 14 TeV, with tan § = 0.25. To compute these cross sections, we used

FeynRules [I1] for generating vertices from our Lagrangian, and input these into Madgraph 5

1000
100 S\

10

o x B (fb)

01
1

Mw (TeV)

FIG. 3. Leading-order cross sections times branching fractions for the processes pp — W' —
HYA°, HTH® and pp — Z' — H°A°, HTH~ at /s = 8 TeV and 14 TeV. We have chosen
tanf = 1/4, Mg+ = 300 GeV and My = 200 GeV.
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FIG. 4. Transverse momentum distribution of the W produced in pp — W'— HTA® — W A°A°
when My = 2 TeV (solid blue line) and My = 3 TeV (dashed red line), for /s = 8 TeV,
M+ = 300 GeV and M4 = 200 GeV. For comparison, the W pg distribution (dotted black line)

is included for pp — Wxx through a gv,q xy"x contact interaction (for m, = 100 GeV).

[12] (with parton distribution functions CTEQG6L1 [13]), which includes interference between
the W’ and W contributions. We have set Mg+ = 300 GeV, M4 = 200 GeV; the cross
sections are only weakly sensitive to the scalar masses as long as W' is much heavier. Figure
also shows the cross sections for pp — Z' — HYA° and pp — Z' — HTH~, for the same
parameters.

We assume that the Z, symmetry discussed in Section [[1is sufficiently preserved so that
the LOP escapes the detector. As noted there, A° is most likely the LOP, so that each of
the above processes includes two A° in the final state, which appear as missing transverse
energy (f7) in the detector. If My > Mpy+, then the W or Z boson emmited in the
cascade decays W' — HTA? — W+HAA® and Z/ — H°A® — ZAYA° is highly boosted,
carrying energy roughly equal of My /4. This implies that hadronic decays of the W or
Z boson lead to an interesting signature with the two jets collimated into a single wide jet
with substructure, plus Fr.

The ATLAS collaboration [14] has searched for this type of signature in the case of DM

particles pair produced through a contact interaction to quarks [I5, [16]. Compared to our
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model, the processes pp — Wy and pp — ZYx give rise to a smaller transverse momentum
for the electroweak boson, which is radiated from an initial state quark. In Figure [l we show
the pr distributions for the W arising from W’ — HT A — W+ A" A% as well as from initial
state radiation in the case of a ¢v,gx7*x contact interaction (for a Dirac fermion y of mass
m, = 100 GeV). It is clear that the efficiency for a stringent pr (W) cut is much higher for
our W' decays than in the case of contact interactions.

The cascade decays W/ — HYHY - WA ZA® and 7/ — HTH- — WTAW~A° lead
to two highly boosted electroweak bosons plus 7. Hadronic decays of these W and Z
bosons allow the use of substructure techniques to reduce the QCD background.

The boosted W and Z “jets” plus Er channels have the largest branching fractions.
Nevertheless, leptonic decays of the boosted W and Z are also promising due to small
backgrounds. These lead to final states with one, two or three leptons, plus Fr.

The mono-lepton signature has been studied theoretically [I7] and searched for at the
LHC [18] in the case of contact interactions. Again, in our case the W producing the lepton
is generically more boosted. Unlike W' decays directly to a lepton-neutrino pair, there will
be no Jacobian peak in the missing transverse energy distribution, as the A%’s carry away
a substantial fraction of the energy of the W’. In fact, the distribution will be peaked at
low-pr. Furthermore, if the masses of the A° and H* are similar, the transverse momenta of
the two final-state AY particles will have similar magnitudes but opposite directions, so their
contribution to the K7 of the event is reduced. In this case, the missing energy distribution
could look like a SM W decay. This problem is mitigated if the A° is substantially lighter
than the Higgs triplet states, in which case the [ distribution will have a longer tail.

We simulate W’ signals using Madgraph 5 [12], including showering and hadronization
with Pythia 6.4 [19], and PGS detector simulation [20]; then we analyze the events with the
MadAnalysis package [21]. Figure [5| (left panel) shows missing transverse energy distribu-
tions for Myo = 300 GeV and Mpyo = 1 TeV, all other parameters constant. The transverse
mass distribution, which is used in LHC W’ searches, is also peaked at small My. Moreover,
the distribution does not change substantially for different values of the Higgs masses, as
shown in Figure [5| (right panel). Therefore, the transverse mass is not the best observable

for a W’ decaying through odd Higgs particles.
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A better observable for the single-lepton process W/ — H+tA® — WT+ 7 is the sepa-
ration in azimuthal angle between the missing transverse energy and the lepton transverse
momentum, A¢peT r- When a Wor W' decays directly to a lepton-neutrino pair, the decay
products are nearly back-to-back; for both the W’ and dark matter mono-lepton analyses,
CMS requires that Ag, 5 > 0.87 [3]. However, the kinematics for the decay W' — A A%y

skl
are substantially different, with the AgbpeT pp distribution peaked at moderate-to-small val-
ues of A¢pzT s see Figure @ In the rest frame of the W', pt = — 3" 527 but in the lab

frame, the W’ transverse momentum is distributed among the four decay products and the

18



1.0,
0.8
= |
s 0.6;

0.4}

020 15 20 25 30 35 40

Mw (TeV)

FIG. 7. Exclusion limit in the My — tan @ plane, derived from the CMS W’ — (v search [3], for

My =300 GeV and M4 = 200 GeV.

correlation in azimuthal angle is lost.

There are also two processes leading to £7¢~ + Fr. One of them is the Z' — H°A° —
Z AP AY cascade decay, with Z — ¢7£~; the related process in the case of contact interactions
has been discussed in [23]. The other one is Z' — HTH~ — WTA"W~A° with leptonic
W decays; a similar final state, but without s-channel resonance, arises from chargino pair
production Ref. [24].

The limits on our model set by current LHC results are already stronger than those from
electroweak fits mentioned in Section [[Il The searches in the W’ — (v channel, although
affected by suppressed branching fraction for small tan, set relevant bounds. In Figure
, we reinterpret the 95% CL limit set by the CMS Collaboration [3] on ¢, /ossmw as a
limit on tan .

Existing LHC searches for other processes set less stringent limits. For W/ — H+ A —
WTAYAY — ¢+ Br, we use Figure 4 of [I8] to estimate the number of background events
with 1 < A¢peT pr < 1.5 in the muon channel, then set an upper limit on W’ — p + Br
events in the same region assuming no excess is observed. This limit is at most My > 1.05
TeV for any tanf < 1.

For the process W' — HTH® — WTAZA® — ¢4+ (~ + Pr, we use results from leptonic

searches for charginos and neutralinos in [22]. We consider the search for a same-flavor,
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opposite sign electron or muon pair on the Z peak (75 GeV < My < 105 GeV), plus an
additional electron or muon. We sum over Mr bins, then we use a Poisson likelihood function
multiplied over 7 bins to set an upper bound on the number of events. The upper limits
on the number of W’ events in each channel are then translated to a limit on tanf as a
function of Myy. This limit is rather weak: for My = 1 TeV, only values of tan 6 > 3.5 are
excluded.

We see that the search for direct decays to lepton plus Fr final states still provides the
most stringent constraint on our model. The reason is that the 3-lepton rate is suppressed
by both the W — ¢v and Z — (¢~ branching fractions. Furthermore, for the mono-
lepton search, the selection cuts that optimize signal over background for W — fv cut out
a substantial portion of the H*A® events. A new analysis focusing on the small AgbpzT B
region, using both the electron and muon channels, would provide a stronger limit.

Given the mass degeneracy between W’ and Z’, limits set by searches for Z/ — (¢~
can also be plotted in the My — tanf plane. However, they are weaker than those from

W' — fv because both the production cross section and the leptonic branching fraction are

smaller for Z’ than for W’.

V. CONCLUSIONS

The SU(2); x SU(2)2 x U(1)y model with a bidoublet and a doublet complex scalars is
a simple renormalizable model that can serve as a benchmark for various LHC searches. It
includes a meta-sequential W’ boson whose s-channel production interferes constructively
with the W contribution, and depends on only two parameters: My and the overall coupling
normalization, tan 6. It also includes a Z’ boson (degenerate in mass with W’) which couples,
to a good approximation, only to left-handed fermions.

The potential for the bidoublet (A) and doublet (®) scalars is chosen to be invariant
under a Zs transformation that interchanges the bidoublet and its charge conjugate. The
physical scalar spectrum then consists of four odd Higgs particles (a mass-degenerate weak-
triplet H*, H°, H—, and a CP-odd singlet A°), the recently discovered Higgs boson (h°),

and a heavier scalar (H') whose couplings to SM fields are the same as those of h® except
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for an universal suppression. The A is naturally the LOP because a global U(1) symmetry

becomes exact in the M4 — 0 limit.

The phenomenology of the scalars is worth exploring whether or not the W’ and Z’ bosons
are light enough to be produced at the LHC. Electroweak production of the triplet scalars,

for example, would lead to final states involving one or two weak bosons and two LOPs.

The range of parameters where A° is a viable dark matter particle remains to be studied.
For the present work we focused on the case where A° is sufficiently long-lived to escape the
detector, but we also mentioned possible signatures in the case where A° decays (promptly

or with a displaced vertex) into fermion pairs.

This model illustrates nicely the possibility that the W’ and Z’ bosons may decay predom-
inantly (with branching fraction as large as 96%) into the scalars responsible for breaking
the extended gauge symmetry. Generically, the high-energy behavior of any W’ boson re-
quires it to be associated with a non-Abelian gauge symmetry (or else it must be a bound
state with the compositeness scale not much higher than its mass), which in turn implies
a larger Higgs sector. The non-Abelian gauge coupling can be significantly larger than the

Higgs quartic couplings, implying vector bosons much heavier than the scalars.

In our model, the W’ and Z’ couplings to the odd Higgs particles are enhanced for
tanf < 1 by 1/tanf. Consequently, the usual ud — W’ — {v or tb channels currently used
in searches at the LHC are suppressed both in production and in braching fractions, the
combined effect being of order tan®d. The mass limits on a sequential W', currently around
3.8 TeV, are relaxed for tanf ~ 0.2 (the lower perturbativity bound) to My, > 1 TeV. At
the same time, the cascade decays through odd Higgs particles, W’ — HTA? — WFA°A°,
W' — HYH - WFAY ZA°, Z'— HOA? — ZAYA® and Z'— HYH~-— WA W~ A" allow
interesting searches at the LHC, with boosted W and Z bosons decaying either hadronically

or leptonically.
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